demonstrate silicon nitride cavity optomechanical oscillators fabricated in a planar process adjacent to integrated coupling waveguides. Allan deviation of the mechanical oscillation frequency was characterized using a freespace optical setup in air. The device exhibited a frequency instability of 78 parts per billion at an averaging time of 130ms and fractional short-term instability of 2x10 -8 1/2 . Benefits of the fabrication process include all-stepper lithography, planar topology, wafer-scale wet release, and waveguide facets formed by 220μm deep dry etching. Optical Q>2million and mechanical Q=1450 at 58MHz in air were obtained in initial samples.
I. INTRODUCTION Cavity optomechanical oscillators (OMO's) rely on photon radiation pressure to excite mechanical self-oscillation of a freestanding cavity. Possible applications include frequency downconverters [1] , super-regenerative optical receivers [2] , mass sensors [3] , and RF synthesizers for chip-scale atomic clocks [4] . Recently we proposed OMO's as a micro-scale gyroscope, where the optomechanical spring effect acts as a sensitive readout of the rotation-induced Sagnac shift [5] .
In sensors such as the OMO gyroscope, one limit to the measurement resolution is the mechanical oscillation frequency uncertainty. Thus, we characterized the frequency noise of waveguide-coupled silicon nitride OMO's. Integrated waveguides are preferred over tapered microfibers because they 1) allow for a differential readout by simultaneous excitation of multiple devices and 2) may reduce oscillation frequency instability due to drift in the fiber to device coupling gap.
II. DEVICE FABRICATION
The OMO design consists of four-spoked Hollow-disk resonators with lithographically defined anchors [4, 6] as detailed in Fig. 1 . OMO's with integrated waveguides have been constructed from materials including phosphosilicate glass [7] , silicon [8] , AlN [9] and Si 3 N 4 [10] . We focused on Si 3 N 4 owing to its high material-limited mechanical Q [4] and low flicker noise [10] .
Devices are fabricated in a planar process flow to allow high resolution (250nm) stepper lithography per Fig. 2 . First, anchors are defined by a lithography and dry etch through a sacrificial SiO 2 layer. Next, 270nm thick Si 3 N 4 is deposited as the device layer. SiO 2 is then deposited to fill the anchors and is planarized by CMP to minimize topology during subsequent lithography. After patterning the Si 3 N 4 , polysilicon is then deposited and patterned as a hard mask protection of the Si 3 N 4 during wet BOE release. After release, facets for end-fire coupling are patterned and etched into the dielectric stack and 220μm deep into the Si substrate. The wafer is then singulated via wafer saw and the polysilicon mask is etched in XeF 2 . The fabrication process yields Si 3 N 4 waveguides resting on SiO 2 except in the immediate device vicinity. Waveguide widths of both 1.2μm and 1.8μm were included. Both widths were quadratically tapered down to 600nm at the facets to reduce coupling loss. We later found that diagnostic 800nm taper widths reduced net waveguide insertion loss from ~16dB to ~7dB.
III. CHARACTERIZATION

A. Optical Characterization
Devices were first optically interrogated with free-space endfire coupling using a 1550nm tunable laser as illustrated in Fig.  3a . A paddle wheel polarization controller ensured that the input light coincided with the waveguide TE mode. The paddle wheel fiber output was collimated with a lens of NA=0.15 and focused onto the waveguide end facet using a lens of NA=0.55.
While we have measured disks with Q>2million, the 30μm ring in Fig. 1a exhibited loaded Q~900k, FSR=9nm, and thus Finesse>5000. The resonance doublet is due to a well-known coupling between forward and backward waves. 
B. Optomechanical Characterization
We next captured light exiting the waveguide using a 150MHz free-space photodetector with a 5k amplifier as shown in Figure 4 . The output photocurrent was further amplified with a 28dB RF amplifier and viewed with an electrical spectrum analyzer or oscilloscope. At low input laser power, the circulating light probes the cavity thermomechanical Brownian motion spectrum. By fitting the resultant peak at 58MHz to a Lorentzian, a mechanical Q of 1450 was deduced.
The laser was then blue detuned with respect to the 1550.2nm optical mode in Figure 3 and self-oscillation of the 58MHz mechanical mode was achieved with 100-200μW laser power at the coupling junction. Fig. 4 shows the output RF spectrum during self-oscillation. In addition to the 58MHz fundamental, a 116MHz harmonic was observed within the detector bandwidth. The oscillation frequency was then recorded with a Keysight 53230A counter. A common method to gauge frequency uncertainty from periodic readings is the Allan Deviation, m . Here, f m is the average mechanical frequency over all readings, and is the average deviation of successive samples from their mean as a function of the averaging time, .
Shown in Fig. 5 is the Allan deviation of the 58MHz oscillation peak taken with a 90MHz low pass filter to attenuate the second harmonic. The dataset contained 100k points taken at a 1ms sample rate. A minimum frequency uncertainty of ms. To further improve the OMO frequency stability we must isolate from fluctuations in the environment such as temperature and eliminate slow variations in coupled light power which contribute to flicker, or 1/f noise.
Short-term instability (STI) arises from white noise and is formally the -1/2 portion of the Allan deviation curve. Here, we measure instability of 2 10
. If the OMO were used as a gyroscope, STI would contribute to gyroscope angle random walk. STI can be reduced with large oscillation amplitude and low noise external components. IV. CONCLUSION In summary we have fabricated and characterized silicon nitride OMO's with integrated waveguides in a free-space optical setup. Oscillation was obtained with 100μW-level power at the coupling junction and Allan deviation of the output frequency was measured. Routes to improve both optical and mechanical properties in these initial devices have been identified and updated designs and processing are underway. Similarly, by implementing further environmental isolation, setup stabilization, and differential readout we aim for a highly stable OMO sensor. This work was funded by the Sandia National Labs LDRD program. SNL is a multimission laboratory managed and operated by NTESS of Sandia, LLC., a wholly owned subsidiary of Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration under contract DE-NA0003525.
